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In 1965 Gorden E. Moore published the observation that the number of tran-
sistors in an integrated circuit doubled approximately every two years and he
projected that this line of growth would continue for at least the next decade [1].
Revisiting this statement after 10 years, it was shown that his expectation was
accurate and it became better known as Moore’s law. In fact, rather then just
an observation, it had become a road map for the long-term planning within
the semiconductor industry. Therefore, Moore’s law actually is a self-fulfilling
prophecy rather than a law, and great efforts and investments are made to keep
up with the desired line of growth.
Increasing the number of transistors in a circuit, while keeping the dimen-
sions similar, requires the fabrication of smaller transistors. The strong drive
for miniaturization induced by Moore’s law, has been a great impulse for the
development of new fabrication techniques. Currently, the smallest features on
computer chips are as small as 14 nanometers [2]. Importantly, apart from the
technological benefit of the fabrication of such small structures, it was realized
that the nanometer length scale has a plethora of interesting physics to offer.
When physical phenomena at the nanoscale are studied and explored, of
course optics cannot be neglected. The ability to control light at the nanoscale
opens up a wide range of possibilities, from studying the absorption and emis-
sion of a single molecule, to using light as an information carrier on sub-micron
computer chips.
A beautiful example from nature showing the interaction of light with a
nanostructured material, is the presence of so-called structural coloring in but-
terfly wings and peacock feathers. Figure 1.0.1 shows the nanostructures on the
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Figure 1.0.1: a) Morpho menelaus butterfly, b) TEM image of a cross section of
the wing showing lamellae with sub-wavelength periodicity. Image reproduced
from [3]
wings of the Morpho butterfly, which is famous for the fact that its luminous
color seems to change when it is viewed under different angles, a phenomenon
called iridescence [3]. Instead of using different materials to create different col-
ors, the pigments are made of the same materials, however each having a very
specific periodicity. The period is smaller than or similar to the wavelength,
and therefore light experiences an effective structure with a specific, frequency
dependent, refractive index. This technique for the manipulation of light is now
widely applied in the field of photonic crystals and metamaterials. However, ma-
nipulating light far into the nanometer domain is challenging, due to the presence
of the diffraction limit: light cannot be focused to a size of roughly half of its
wavelength. In optics this limit is around 200 nm and, therefore, in order to
truly do nano-optics and match with current day nano-electronics, techniques
are needed to shrink or even bypass the diffraction limit.
1.1 Diffraction limit
When we investigate something under a microscope, we look at the light that
has scattered of the object that we are studying. By making use of a system
of lenses, the image of the object can be enlarged and focused. Looking at
two objects that are moving closer together, there will be, of course, also two
separate objects in the image, moving closer together. However, at some point
the two objects will appear to be one big object, which indicates that the distance
between the two objects is smaller than the microscope can resolve. Although in
practice one can usually improve on this limit by replacing the lens system or the
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CCD-sensor, there appears to be a fundamental limit of how small the distance
between two objects can be in order to still resolve to separate objects. This is
the so-called diffraction limit. Physically, the origin of the diffraction limit can
be easily explained from the famous uncertainty relation [4], which states that
∆E ·∆t ≥ ~/2. In free-space, the dispersion relation of light is given by ω = c|k|,








Considering the x-direction and using E = ~ω and c∆t = ∆x, we can write
~∆kx ·∆x ≥ ~/2⇒ ∆x ≥ 1/2∆kx. (1.1.2)
In order words, the uncertainty in x position is inversely proportional to the un-
certainty in the x-component of the wavevector. In a homogeneous environment
the maximum value of ∆kx is the total length of the wavevector |k|, which is
equal to 2pi/λ. Therefore, by this reasoning, in free-space the lower limit of the
confinement of light is λ/4pi.
According to the above, the spread in position can be decreased if kx is made
larger than |k|. Then, to satisfy Eq. 1.1.2, one of the other two wavevector com-
ponents has to be purely imaginary. In this case, assuming that for example
kz is purely imaginary, the wave equation states that exp[ikzz] = exp[−|kz|z],
which implies that the amplitude is exponentially decaying in the +z direction
and exponentially growing in the −z direction. The latter contribution is un-
physical and therefore a purely imaginary wavevector component is not allowed
in free-space. However, in an inhomogeneous system the boundary conditions
may be such that an imaginary wavevector component only yields exponentially
decaying solutions. In such a system, in that particular direction, light can be
confined to arbitrarily small dimensions. An example of a system where this is
possible, is the interface between a metal and a dielectric. To a first approxima-
tion, a metal can be treated as a free electron gas, with a certain corresponding
plasma frequency that depends on a.o. the electron density of the metal. For
frequencies smaller than the plasma frequency of the metal, its permittivity m
will be negative. The wavevector of light within the medium km, is related to
the free-space wavevector k0, as km =
√
mk0. Applying the fact that m < 0
in the boundary conditions at the interface, we can find solutions that are expo-
nentially decaying solutions both into the metal and into the dielectric, i.e. they
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Figure 1.2.1: Fourth-century roman chalice exposed in the British Museum
in London. The cup is green under ambient lighting conditions (left), when
illuminated from inside it becomes translucent red (right). [Image courtesy:
The Guardian]
are localized to the metal-dielectric interface. The exponential decay lengths can
be much smaller than the wavelength of light, yielding a localization well below




Plasmonics is the study of plasmons, collective oscillations of the free electrons
of a metal. Although bulk plasmons can exist, for applications in nanoscience
the interactions at the surface are far more important. Therefore, in this thesis,
when the word plasmon it used, it is implied that it concerns a surface plasmon,
rather than a bulk plasmon.
Most probably the first historic report of a plasmon based phenomenon is the
beautiful Lycurgus cup, a fourth-century roman chalice. As shown in Fig. 1.2.1,
the cup appears green under ambient lighting conditions, but it becomes translu-
cent red when it is illuminated from the inside. Obviously the Romans were not
aware of the existence of plasmons and for centuries scientists kept wondering
about this strange phenomenon. Analysis of the glass revealed small quantities
of silver and gold nanoparticles and in 1857 Michael Faraday showed with a bril-
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liant experiment that the color of metallic colloidal solutions depends on the size
and the materials of the particles [5]. Theoretical understanding of these results
came in 1908 when Gustav Mie composed a theory with which it is possible to
ascribe these observations to electromagnetic resonances of the nanoparticles,
the Localized Surface Plasmon resonance (LSP) [6]. Physically, it is the free
electron cloud of the metal nanoparticle that is moving along with the oscilla-
tions of the electromagnetic field impinging on it. The curved surface of the
particle effectively exerts a restoring force on the electron cloud, giving rise to a
resonance. This implies that for frequencies close to the resonance frequency the
optical response, i.e. the amplitude of the electron cloud, will be much larger
than away from the resonance. Additionally, since the electron cloud is charged
and accelerating charges radiate, both the field inside and outside the particle
will be greatly amplified when the LSP is excited. It is because of the strong
optical response and the large local field enhancement that the LSP resonance
of metal nanoparticles has been the subject for a large amount of studies.
Figure 1.2.2a shows a contour plot of the electric field when the LSP is
excited in a gold nanopshere, with a diameter of 60 nm and that is embedded
in air. It can be clearly seen that the amplitude of the electric field close to
the sphere can be much larger than that of the external excitation. Also, the
electric field pattern closely resembles that of an oscillating dipole. In fact, for
spheres much smaller than the wavelength of the light, only the dipole LSP
will be excited. Therefore, to simulate the optical response of a nanoparticle,
it is not always necessary to employ the full Mie theory, but often a simple
dipole approximation is sufficient. Using such an approximation, the scattering
efficiency, i.e. the scattering cross section divided by the particle’s geometrical
cross section, is evaluated and shown in Fig. 1.2.2b. The strong dependence of
the scattering efficiency on the wavelength, or frequency, is obvious from the
sharp resonance around 480 nm. At resonance the particle will strongly absorb
and scatter the incident light. Now we can find the explanation for the dichro¨ısm
that is observed in the Lycurgus cup. The metal alloy clusters were found to
have a resonance frequency in the blue part of the spectrum. Under ambient
lighting the color of the chalice that we perceive is dominated by reflection, i.e.
backscattering. The strong blue contribution of the metal clusters makes the
cup’s appearance greenish. However, when the light source is inside the cup,
we only observe the transmitted light. Since the clusters absorb blue light, this
color will be absent from the transmission spectrum and the light that reaches
6 Introduction
















Figure 1.2.2: a) The Localized Surface Plasmon resonance of a gold nanopar-
ticle with a diameter of 60 nm embedded in air. The particle is excited with a
plane wave coming from the left with an amplitude of E0. The electric field is
normalized with respect to E0. Clearly seen is the local field enhancement, the
field close to the particle can be significantly larger than the external excitation
[Source: juluribk.com]. b) Plot of the scattering efficiency, i.e. the scattering
cross section divided by the geometrical cross section, for the gold nanosphere
as a function of the wavelength of the excitation.
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our eyes is predominantly red.
Surprisingly, the first famous plasmonic studies where conducted more than
50 years after the publication of Mie and where not carried out on metal nanopar-
ticles, but on metallic substrates. In contrast to the LSP of a metal nanoparticle,
which is localized to the particle and therefore non-propagating, the plasmon
excitation of a metallic substrate is able to propagate along the interface be-
tween the metal and a surrounding dielectric. For these types of excitations,
the oscillation of the electrons in the metal is strongly coupled to the light in
the dielectric and therefore these plasmons are referred to as Surface Plasmon
Polaritons (SPPs), see Fig. 1.2.3a. They can only exist for transverse magnetic
polarization and, as explained at the end of Sec. 1.1, are characterized by electric
field decaying exponentially away from the interface, both in the metal and in
the dielectric (Fig. 1.2.3b). Many of the first studies, performed by among other
Ritchie, Nishikawa, and Bennet, revolved around the modeling and measurement
of the dispersion relation of the SPPs on various metallic substrates [7–10]. An
example of a characteristic SPP dispersion curve is shown in Figure 1.2.3c. Since
these excitations are polaritons, the dispersion relation shows an avoided cross-
ing with the dispersion of light, resulting in two branches, one lying above the
light line and one below. The latter branch is referred to as the SPP dispersion
relation. The fact that the SPP dispersion lies below the light line, indicates
that all wavevectors of the mode are larger than those of light for the same fre-
quency. This implies that the SPPs cannot couple to free-space radiation and
special phase-matching techniques are needed to excite the SPPs. Reversely, this
also implies that the SPPs will not lose their energy to radiation and therefore
they can propagate along the metal-dielectric interface for a substantial distance.
When instead of a smooth substrate a rough substrate is considered, the SPPs
can radiate locally, giving rise to so-called hotspots. The huge field intensities at
those hotspots are shown to be very interesting for the enhancement of nonlinear
effects such as Second Harmonic Generation and Surface Enhancement Raman
Scattering. In 1988 the comprehensive textbook ”Surface Plasmons on Smooth
and Rough Surfaces and on Gratings” written by Heinz Raether appeared [11].
It is this book that summarizes most previously obtained knowledge and formed
a solid basis on which many of the later studies were built.
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Figure 1.2.3: a) Schematic representation of the electric and magnetic fields
corresponding to an SPP excitation on the interface between a metal and a
dielectric. b) The electric field decays exponentially away from the interface,
with decay constants δd in the dielectric and δm in the metal. c) Characteristic
dispersion relation for SPPs. At low frequencies the modes behave like light, at
higher frequencies the dispersion starts to deviate more from the light line and
a more plasmonic character is obtained. Reproduced from [12].
1.2.2 Modern plasmonics
Around the turn of the 21st century a view brilliant insights preluded the huge
boost of the field of plasmonics. It was realized that manipulating and propa-
gating light below the diffraction limit was not just a nice novelty, but that it
might be a necessity in order to keep on improving the performance of electronic
devices. Starting with the pioneering work of Quinten and coworkers [13], and
followed by the very careful investigations performed by the Atwater’s group at
Caltech [14–17], it was shown that a chain of metal nanoparticles can be used
as a sub-diffraction transmission line of electromagnetic energy in the visible
regime. These classic papers were the main reason why many researchers be-
came interested in plasmonics. Interestingly, at the same time as the demand
from industry grew, the techniques to fabricate the devices just became available
and many theoretical concepts still had to be developed. Therefore, the growth
potential of the research field was immense, and scientists and engineers from
many different research areas joined in. Apart from sub-diffraction waveguiding,
many other interesting discoveries were made, e.g., negative refraction, which
allows the construction of a perfect lens and even an optical cloak; extraordi-
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nary optical transmission, the observation that much more light is transmitted
through a sub-wavelength aperture in a metallic substrate than would be ex-
pected purely from geometry; and plasmon excitations in graphene with a very
strong confinement and which show little dissipation.
1.3 Applications
Ever since the beginning of the 21st century, research in plasmonics has been
motivated by the potential applications. Over the past decade, researchers have
shown to be very creative and many application areas have been proposed, some
of which can only exist using plasmons, others where the use of plasmons is a
mere improvement of already known devices. Since the first publications ap-
peared, numerous review articles have been published, describing the general
principles of nano-optics, the elementary theory, and the various fabrication tech-
niques [12, 18–26]. Although most envisioned applications stem from only two
properties of plasmons, namely the sub-wavelength confinement and the strong
local field enhancement, they do span quite a large variety of possibilities. Some
promising application areas are: sub-diffraction waveguides [12–26], optical nano-
antennas [27–32], sensing [33–37], solar cells [38–40], plasmon lasers [41–43] and
cancer treatment [44–46]. The first two of the mentioned applications will be
discussed in some more detail below, since they are closely related to the research
presented in this thesis.
1.3.1 Sub-diffraction waveguides
As was mentioned earlier, the biggest drive for the field of plasmonics was the
promise of sub-diffraction optical communication. The high frequencies of light
give rise to a very large bandwidth, which is a huge benefit compared to con-
ventional electronic communication. In addition, also the signal velocities are
much larger in optical waveguides. Quinten and coworkers realized that a chain
of MNPs could be applied as a sub-diffraction waveguide [13]. In the following
years many studies on this subject were performed. The first studies mainly
focused on theory and simulations [14–16], later the results were also experi-
mentally verified [17]. The dispersion relations for these systems, also known as
plasmonics arrays, revealed that the collective plasmonic modes of the system
are in fact Surface Plasmon Polaritons, similar to the plasmon excitations of a
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a) b)
Figure 1.3.1: a) Artist impression of a chain of metal nanoparticles, correspond-
ing to the work of Maier et al. [17]. b) Illustration of the hybrid plasmonic
waveguide proposed by Oulton et al. [47], comprising a dielectric nanowire and
a metallic substrate.
metallic substrate [48–50]. Also for the array the waveguiding modes lie below
the light line, implying that they cannot lose their energy to radiation, all energy
is guided along the chain. Physically this can be explained from interference,
for large wavevectors the electromagnetic far-fields generated by the individ-
ual particles will destructively interfere. In contrast to a metallic substrate, no
phase-matching conditions are needed to excite the SPPs of a plasmonic array:
due to the discrete nature of the system they can be excited by simply exciting
a small part of the array. Other advantages of plasmonic arrays are the inher-
ent one dimensional nature, which is important for signal transmission and the
amount of design parameters, the operation frequency and wavelength strongly
depend on the material, size, shape and spacing of the particles and the envi-
ronment of the array. Theoretically, plasmonic arrays are very interesting study
objects. Simple as they seem, many nontrivial phenomena have been observed,
such as localization [49, 51], negative phase velocity [16] and a complex mode
structure [52, 53]. Although these systems were first introduced as waveguides,
it turned out that their efficiencies are relatively low, and that the arrays are
difficult to fabricate. Therefore, many other geometries have been explored for
the design of sub-diffraction optical waveguides. An overview of different possi-
ble waveguide geometries is given in [25]. Particle arrays are still considered to
be interesting for antenna and spectroscopy applications.
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Among the other explored plasmonic waveguide geometries are metallic nano-
wires [47,54,55], and 1D structures on metallic substrates, such as wegdes [56,57],
grooves [58, 59] and channels [60]. A problem that is commonly encountered in
the design of plasmonics systems, is the trade-off between propagation and con-
finement: if the excitation is strongly confined this often implies that most of the
energy is localized in the metal, and since metals suffer from ohmic losses, the
excitation will experience more dissipation. To circumvent this difficulty, partic-
ularly promising are the so-called hybrid systems, where one type of plasmonic




Figure 1.3.2: a) Schematic illustration of the function of the antenna. b) Artist
impression of a nano-antenna corresponding to the work of Curto et al. [30].
Optical antennas are in fact the sub-micron wavelength analogues of the well-
known radio wave antennas, and they can be thought of as devices that convert
freely propagating optical radiation into localized energy, and vice versa [28].
Looking back in time, the technological and social benefits that arose from in-
vention of radio wave antennas are obvious, in particular the development of
wireless communication. Due to the scale invariance of Maxwell’s equations,
many of the concepts of radio waves antennas can be straightforwardly trans-
lated to nanometer length scales. However, in general, antennas are much smaller
than the wavelength at which they operate, on the order of λ/100. Therefore,
the dimensions of optical antennas are very small and the fabrication of antennas
that operate in the visible spectrum has been a bottleneck for its development
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for a long time. Only since the past decade the field really started to grow.
Typically an optical antenna would be applied to enhance the signal trans-
mission from an emitter to a receiver. The presence of the antenna can benefit
in two different ways, it can extract more signal out of the emitter and it can
direct the transmission towards the receiver. As was discussed earlier, the optical
cross section of a metal nanoparticle dramatically increases when it is excited
resonantly. Using metallic nanostructures as building blocks for optical anten-
nas can therefore greatly enhance, for example, the amount of energy that can
be extracted from the far field, or the emission rate of an emitter close to the
antenna. The first is very interesting for applications in photodetection [63]
and photovoltaics [39], the latter is useful for the creation of very bright sin-
gle photon sources [64]. Directing the radiation pattern of an antenna can be
achieved by considering arrays of nanoparticles. By carefully tuning the particle
sizes and the inter-particle spacing, interference can be used to achieve a high
directionality. A well-known design for this, originating from radio antennas,
are so-called Yagi-Uda antennas [29, 65]. It is not only the directional radiation
of antennas that is interesting, an increasing amount of effort is spent in using
nano-antennas to unidirectionally couple an excitation into guided modes of a
waveguide [62,66]. In particular the use of polarization in tuning the directivity
of such antennas lately has received a great deal of attention [67–69]. A detailed
review on the basics and applications of optical antennas is written by Novotny
and Van Hulst [31].
1.4 This thesis
The research presented in this thesis focuses on the calculation of the optical
response of hybrid plasmonic systems, in particular a one-dimensional metal
nanoparticle chain hybridized with a metallic substrate. As was discussed in
Sec. 1.3, the applications for these types of systems are various, ranging from sub-
diffraction waveguides to optical nano-antennas and plasmon enhanced sensors.
Although these types of systems have been the subject of a large amount of
studies, many important questions are still unanswered, such as: what is the
nature of the interaction between a chain of metal nanoparticles and a layered
structure, and how does such a structure affect the optical properties of the
chain?
In this thesis, we address these questions by constructing a theoretical frame-
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work based on the point dipole approximation. It is known that this model,
simple as it is, allows for a fast and accurate calculation of systems of metal
nanoparticles, because the particle-particle and particle-substrate interactions
become simple analytical expressions. Additionally, being able to write down the
interaction in the coupled system, makes it possible to find the collective modes
of the system, which forms the basis for understanding the optical response of the
system. Therefore, this model serves as an excellent tool to explore the optical
properties of linear chains of metal nanoparticles in a layered structure.
Although the system under consideration was first proposed as a sub-diffraction
waveguide, it was soon realized that it possesses a plethora of interesting physics.
Therefore, with the theoretical framework at hand, we will not only study the
waveguiding properties of the system, but also investigate it from a more funda-
mental perspective.
1.4.1 Outline
In Chapter 2 the efficiency of signal transmission through a chain of metal
nanoparticles localized above a specific substrate is studied. This work was
inspired on the promise of the use of hybrid plasmonic structures and the re-
sults obtained by Evlyukhin and Bozhevolnyi in 2006 [61], in which the obtained
very long plasmon propagation lengths in a chain of gold nanoparticles situated
above a golden substrate. Additionally, when applying plasmonic arrays either
in devices or in an experimental set-up, it will always be embedded in a layered
surrounding. Therefore, it is crucial to study the influence of a substrate on the
transmission efficiency of the chain. In this chapter we show that the effect of a
substrate on the transmission efficiency of a plasmonic array is non-trivial and
there is a complex interplay between multiple transmission channel. Neverthe-
less, we give a complete description of these effects and show that it is possible
to enhance the efficiency of a plasmonic array by placing it in close to a silver
substrate.
The work presented in Chapter 3 describes the interaction between the plas-
monic modes of a chain of metal nanoparticles and the surface plasmon polari-
tons of a metallic substrate. We show that the modes of the chain and the
substrate can indeed hybridize into new chain-substrate plasmons. The amount
of hybridization is very sensitive to the material properties of the chain and the
substrate. This insight provides a powerful tool to engineer the hybrid modes of
the system, and thus, its optical properties.
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Chapter 4 is based on the interesting phenomenon of the unidirectional ex-
citation of Surface Plasmon Polaritons on a metallic substrate. It was shown in
Refs. [70, 71] that it is possible to excite SPPs on a metallic substrate with a
specific propagation direction using an out-of-plane circularly polarized dipole.
This effect can be explained from the fact that for SPPs spin and propagation
direction are coupled. Due to angular momentum matching, a circularly polar-
ized dipole will preferentially excite SPPs with a given spin and thus, a specific
directionality. All setups described so far, rely on the external excitation to pro-
vide the angular momentum. In this chapter, we show that the hybrid modes
of an asymmetric nanoparticle dimer above a metallic substrate are elliptically
polarized. Therefore, the chirality is inherent and thus, using this system, unidi-
rectional excitation of SPPs can be achieved regardless of the external excitation.
The final Chapter, 5, deals with the time-dependent signal transmission
through a plasmonic array in a homogeneous environment. Most studies on plas-
monic waveguides are performed under continuous wave excitation. However, in
order to use the waveguide for communication, it is of crucial importance to
investigate the time-dependent properties of the waveguide. To that extent, we
studied the transmission of a Gaussian pulse through a plasmonic array as a
function of time. Surprisingly, we found that not one, but two signals are ex-
cited simultaneously. In addition to the expected signal formed by the collective
modes of array, also an optical precursor is obtained. The latter propagates with
the speed of light in the embedding medium, and does not feel dispersion nor
dissipation. We show that, because of this, the precursor is of great importance
in long plasmonic arrays.
1.4.2 Framework
All calculations were performed by applying the point dipole approximation for
the metal nanoparticles and using a Green’s tensor approach to calculate the
coupling between the particles in the chain and between the particles and the
substrate. Naturally, great care was taken regarding the validity of these approx-
imations. The calculations were carried out using an in-house developed code
within the environment of Matlab. Each chapter clearly states the important
equations and parameters, and, if necessary, provides some derivations of the
formalism. For the development of the programs extensive use was made of the
textbooks cited in [4, 72–75].
